A method is described which results in a 2750-fold purification of hydrogenase from Chiamydomone reinkardtii, yielding a preparation which is approximately 40% pure. With a saturating amount offerredoxin as the electron mediator, the specific activity of pure enzyme was calculated to be 1800 micromoles H2 produced per milligrm protein per minute. The molecular weight was determined to be 4.5 x 104 by gel filtration and 4.75 x 10i by sodium dodecyl sulfate-polyacryhlmide gel electrophoresis. The enzyme has an abundace of acidic side groups, contains iron, and has an activation energy of 55.1 kilojoules per mole for H2 production; these properties are similar to those of bacterial hydrogenases. The enzyme is less thermally stable than most bacterial hydrogenases, however, losing 50% of its activity in 1 hour at 55C. The K. of purified hydrogenase for ferredoxin is 10 micromolar, and the binding of these proteins to each other is enhanc under slightly acidic conditions. Purified hydrogenase also accepts electrons from a variety of artificial electron mediators, including sodium metatungstate, sodium silicotungstate, and several viologen dyes. A lag period is frequently observed before maximal activity is expressed with these artificial electron mediators, although the addition of sodium thiosulfate at least partially overcomes this lag.
Although the biochemical properties of numerous bacterial hydrogenases have been reported, there is a distinct lack of knowledge concerning the properties of hydrogenase from eucaryotic algae. Hydrogenase has been purified from a variety of procaryotes, including Rhodospirillum (1, 2), Alcaligenes (18) , Desulfovibrio (10, 20) , Clostridium (6), Megasphaera (21) , and Escherichia (3) . In contrast, attempts to purify the enzyme from a eucaryotic source have been very limited. Erbes et aL (8) partially purified hydrogenase from C. reinhardtii in order to examine the kinetics of 02 inactivation, but the authors are unaware of any other reports concerning the purification of a eucaryotic hydrogenase.
Conversely, there have been a substantial number of studies concerning in vivo characteristics of algal hydrogenase (4, 11) . It is well known that the enzyme is only detectable after cells have undergone a period of anaerobic incubation. Furthermore, the enzyme is completely and irreversibly inactivated by low oxygen concentrations. Both H2 oxidation and H2 evolution are catalyzed by algal hydrogenase, with the latter process being linked to PSI via Fd. In this paper we describe the purification of hydrogenase from ' the green alga C. reinhardtii, along with several biochemical properties of the enzyme.
MATERIAILS AND METHODS
Culture and Adaptation Conditions. C. reinhardtii 137C (+) was grown phototrophically under fluorescent lights ('40 w/m2) at 30°C in spinner flasks containing 12 L of minimal medium (16) . Cultures were bubbled with 5% CO2 in air at a flow rate of 235 ml/min. Cells were harvested in the late exponential stage of growth (- 15 gg Chl/ml) by microporous filtration (Pellicon Casette System; Millipore Corp.), washed once with 50 mm TrisCl buffer (pH 8.0) containing 3 mM MgCl2, and then resuspended in fresh buffer at a concentration of 450 to 550 ;ig Chl/ml. Cells were anaerobically adapted by bubbling Ar (99.995% purity) through the cell suspension for 4.5 h in darkened 1-L polyethylene bottles. After addition of 10 mm sodium dithionite, the bottles were tightly stoppered and stored at -20C.
Assays. H2 production was measured at 25C in samples diluted into 50 mm Mops3 buffer (pH 6.8) containing 10 mM dithionite with a hydrogen electrode as described previously (16), using Fd purified from C. reinhardtii (16) as the electron mediator. One unit is defined as 1 Mmol H2 produced/min with 10 ,M Fd as the electron mediator.
H2 oxidation was measured spectrophotometrically as described elsewhere (17) . An (volume = 180 ml). The active fractions were combined, concentrated, and dialyzed overnight. This sample was loaded onto a second HTP column (1.5 x 11.5 cm) and eluted as before (wash volume = 20 ml; gradient volume = 60 ml).
(e) Affinity Chromatography. The affinity gel was formed by combining 70 mg of C. reinhardtii Fd (in 4 ml of Mops buffer, pH 7.5) with 7 ml of Affi-gel 10 (Bio-Rad Laboratories), followed by shaking for 3.5 h at 4C in the presence of 0.4 M CaCI2. The gel that was produced contained 4.3 mg bound Fd/ml gel.
One ml of the combined sample from the second HTP column (containing 30 units, or approximately 33 gg of hydrogenase in the presence of1I130 gg of total protein) was passed through a 4-ml Bio-Rad P-4 desalting column in order to change the buffer to 20 mM Mes (pH 6.0) containing 4 mm dithionite. This sample was then loaded onto the Fd-affinity column (equilibrated with the same Mes buffer). After 1.5 column volumes of additional Mes buffer had passed through the column, the hydrogenase was eluted with buffer A. Electrophoresis. SDS-PAGE was performed using the buffer system of Laemmli (13) with a10% acrylamide/2.7% bis-acrylamide separating slab gel. Nondenaturing polyacrylamide tube gel electrophoresis used the discontinuous buffer system of Chrambach (7) with a 10% acrylamide/5% bis-acrylamide separating gel. The location of hydrogenase in the gel was determined by using the activity staining procedure of Adams and Hall (2) . Proteins in the gel were detected by a modification of the silver staining procedures of Merril et al. (15) Iron Analysis. Iron was determined by a modification of the bathophenanthroline method described by Lovenberg et al. (14) .
The primary modifications involved acidification with HCl rather than TCA and the use of sodium acetate rather than ammonium acetate; these substitutes reduced the background level of iron. SDS (0.1 %) was also included to solubilize precipitated protein. All reagents except HCI were passed through a Chelex-100 column (Bio-Rad) and glassware was acid-washed in order to remove contaminating iron. Protein Determination. Protein was quantified by the method of Bradford (5) , using bovine--y-globulin as a standard.
RESULTS AND DISCUSSION
Several precautions must be taken during the purification of hydrogenase from C. reinhardtii. Since the enzyme is irreversibly inactivated by low oxygen levels (8) Coomassie Blue-stained gel (Fig. 2) .
In contrast to the effects of pH on hydrogenase-DEAE interaction, it was observed that the binding of hydrogenase to Fd is much stronger at lower pH. Hydrogenase is fully retained by the Fd-affinity column at pH 6.0, but passes through in the void volume at pH 8.5 (Fig. 3) (12) , respectively. The rate of the reaction continues to increase above 32°C to at least 56°C, indicating that algal hydrogenase has a high optimum temperature, which is characteristic of many other hydrogenases.
Hydrogenase from C. reinhardtii loses less than 10% of its activity when incubated for 1 h at 40'C or lower. Indeed, the half-life of a post-Sephadex preparation of hydrogenase maintained at 25°C was determined to be 14 d. Incubation at 55°C for 1 h results in a 50% reduction in activity, however, and activity is almost completely lost after 5 contrast to the hydrogenases of Thiocapsa (9) and Rhodospirillum (1, 2) , which show no loss of activity after incubation for 10 min at 70C. Samples can be frozen for several months at -20C with little loss in activity, as long as the sample remains anaerobic.
Although dithionite helps to preserve hydrogenase by scavenging oxygen, its presence, per se, is not required as long as strict anaerobicity is maintained. This is known because hydrogenase (4 units/ml) oxidizes 10 mm dithionite to undetectable levels (<3 ,M) within 30 h at 25°C, while hydrogenase activity is still greater reason for this lag, but the observation that low concentrations of oxidized dithionite (<10 mM) partially eliminated the lag period suggested that sulfur compounds might be involved. Further investigations showed that preincubation with 50 mm sodium sulfite extends the lag period while sodium thiosulfate eliminates the lag (Fig. 5) . The extended lag caused by Na2SO3 is more than a simple inhibition, since post-lag hydrogenase activity with 2.5 mm methyl viologen is only inhibited by 26% in the presence of 50 mm Na2SO3 (apparently due to a lowered redox potential for the reaction mixture, decreasing the amount of reduced dye by 42%). Preincubation with 50 mm Na2SO4, NaNO3, NaCl, or NaBr has no effect on the lag period. Furthermore, this lag is rarely observed in crude extracts. The implications of these findings are presently unknown. H2 oxidation (with no lag period) is observed when methyl viologen, sulfonatopropyl viologen, and metatungstate are included as electron acceptors.
The relative effectiveness of various electron mediators for both H2 production (measured in the presence of 50 mM thiosulfate) and H2 oxidation are indicated in Table II concentrations used for the H2 production studies are approximately 3 times the Km values obtained for hydrogenase in crude extracts (16, 17) . The inhibition of Fd-mediated hydrogenase activity by thiosulfate is expected, based on earlier studies involving the effects of anions on hydrogenase-mediator interactions (16, 17) . We have not obtained accurate Km values for these electron mediators for the process of H2 oxidation, but the Km for methyl viologen is approximately 50 to 80 mM. This high Km for oxidized methyl viologen can be attributed to the fact that it is a divalent cation, and therefore may be repulsed from the positively charged region near the active site of hydrogenase as reported earlier (17) . Lower Km values would be expected for neutral or anionic electron mediators. The high rates of H2 oxidation obtained when using low concentrations of sulfonatopropyl viologen (with a net neutral charge) and polyanionic sodium metatungstate (Table II) support this view. The results of these investigations do not suggest any fundamental differences between the hydrogenases purified from various procaryotic sources and that from the eucaryote, C. reinhardtii. More detailed analysis of the active site of C. reinhardtii hydrogenase by the use of electron paramagnetic resonance spectroscopy would be highly desirable for comparative purposes, but the low quantity of hydrogenase present in this organism makes this a difficult task. This problem could be alleviated if another strain or mutant of C. reinhardtii is discovered which contains greatly elevated levels of hydrogenase.
